Chromatin assembly factor 1 (CAF-1) is a histone H3-H4 chaperone that deposits newly synthesized histone (H3-H4) 2 tetramers during replication-coupled nucleosome assembly. However, how CAF-1 functions in this process is not yet well understood. Here, we report the crystal structure of C terminus of Cac1 (Cac1C), a subunit of yeast CAF-1, and the function of this domain in stabilizing CAF-1 at replication forks. We show that Cac1C forms a winged helix domain (WHD) and binds DNA in a sequence-independent manner. Mutations in Cac1C that abolish DNA binding result in defects in transcriptional silencing and increased sensitivity to DNA damaging agents, and these defects are exacerbated when combined with Cac1 mutations deficient in PCNA binding. Similar phenotypes are observed for corresponding mutations in mouse CAF-1. These results reveal a mechanism conserved in eukaryotic cells whereby the ability of CAF-1 to bind DNA is important for its association with the DNA replication forks and subsequent nucleosome assembly.
INTRODUCTION
The proper development of multicellular organisms depends on the distinct specification of different cell types. Despite having identical genomes, cells display distinct gene expression patterns and phenotypes, which can persist after numerous cell divisions (1) . Cell identity is maintained, in part, through epigenetic mechanisms. However, the process by which epigenetic states of chromatin are propagated to daughter cells during mitotic cell division (also known as epigenetic inheritance) is one of the challenging questions in the field of epigenetics. One key process that contributes to epigenetic inheritance is the assembly of the nucleosome, the basic repeating unit of chromatin. The nucleosome consists of 145-147 base pairs of DNA wrapped around a histone octamer containing one histone (H3-H4) 2 tetramer and two histone H2A-H2B dimmers (2) (3) (4) . Nucleosomes act as a barrier to any DNA-related process (such as DNA replication, transcription and repair), therefore they need to be disassembled so that the machinery can have access to the DNA strands (5) . Following DNA replication during S phase, nucleosomes are reassembled using both parental histones and newly synthesized histones in a process called replication-coupled nucleosome assembly (6) . By virtue of their high basic charge, histones and DNA tend to form insoluble aggregates when directly mixed in physiological conditions. To prevent these deleterious effects, a network of histone chaperones are responsible for binding and delivering histones to DNA to form nucleosomes during DNA replication, repair as well as transcription (7) (8) (9) .
In general, histone chaperones can be classified as either H3-H4 or H2A-H2B chaperones based on their preferential binding to H3-H4 or H2A-H2B. Chromatin assembly factor 1 (CAF-1) is a H3-H4 chaperone, which was first discovered in human cells for its ability to assemble replicating DNA into nucleosomes using newly synthesized histone H3-H4 (6, 10) . CAF-1 is a three-subunit complex conserved in eukaryotic organisms. In S. cerevisiae, CAF-1 consists of Cac1, Cac2 and Cac3. CAF-1 has evolutionarily conserved functions in DNA replication, repair and heterochromatin silencing (11) (12) (13) (14) (15) (16) . Recent studies have suggested that CAF-1 is also involved in developmental pathways, epigenetic memories and asymmetric cell division (17) (18) (19) (20) .
Newly synthesized H3-H4 complexes initially form hetero-complex with the histone chaperone anti-silencing factor 1 (Asf1) (Asf1-H3-H4), which will serve as the ideal substrate for the acetylation of H3K56 (H3K56ac) by the histone acetyltransferase Rtt109-Vps75 complex in S. cerevisiae (21) . H3K56ac then promotes the ubiquitylation of H3K121, K122 and K125 by Rtt101-MMS1 (22) . This ubiquitylation weakens the interaction between Asf1 and H3-H4, which will then facilitate the hand-off of H3-H4 to CAF-1 and another chaperone Rtt106. CAF-1 and Rtt106 then assemble H3-H4 tetramers for nucleosome formation (23) (24) (25) .
Studies in yeast and human cells indicate that the ability of CAF-1 to preferentially assemble replicating DNA into nucleosomes depends, at least in part, on its ability to interact with proliferating cell nuclear antigen (PCNA). PCNA is associated with replicated DNA molecules and attracts CAF-1 to the site of DNA replication (26) (27) (28) (29) . In S.cerevisiae, disruption of CAF-1-PCNA interaction impairs the role of CAF-1 in telomere silencing and silent mating-type locus, HMR, but interestingly, causes only partial loss of function compared with Cac1 deletion (26, 29, 30) . Thus, there might be other factors existing to promote CAF-1's ability to assemble replicating DNA into nucleosomes.
We attempted to study the structure of yeast CAF-1. During this process, we identified an independent domain at the C terminal of Cac1 subunit (termed as Cac1C). The structure of this domain was then determined by crystallographic method. Unexpectedly, we found that Cac1C bears a winged helix domain (WHD) structure. Electrophoretic mobility shift assay (EMSA) reveals that this domain binds to DNA without sequence specificity. Mutagenesis analysis shows that the DNA-binding ability of WHD motif in CAF-1, functioning with PCNA, helps to recruit and stabilize CAF-1 at the replication forks in yeast and mouse cells. Therefore, our studies reveal a conserved mechanism whereby CAF-1 functions in DNA replication-coupled nucleosome assembly.
MATERIALS AND METHODS

Protein expression and purification
Cac1C was expressed as a glutathione S-transferase (GST) fusion protein in Escherichia coli. The GST tag was removed by protease cleavage, and Cac1C was purified by successive chromatographic methods. The CAF-1 complex was expressed in baculovirus-infected sf9 insect cells. Cac1 (residues 91-606aa) and the full-length Cac3 genes were fused with the MBP gene from the pMAL-C2P vector (Invitrogen) at the N-terminal and ligated by a PreScission Protease cleavage site. The fused genes were cloned into the pFastBac-1 vector (Invitrogen). The Cac2 (residues 1-438) gene was cloned into the pFastBac-1 vector directly and expressed in sf9 insect cells. The MBP tag was removed by protease cleavage using PreScission Protease, and CAF-1 was purified by successive chromatographic methods. Details of the methods are described in Supplementary materials and methods.
Yeast strains and plasmids
All yeast strains used in our experiments were derived from W303 (leu2-3, 112 ura3-1 his3-11, trp1-1, ade2-1, can1-100). Standard yeast media and manipulations were used. Cac1 expression plasmids were constructed using standard methods and the pRS313vector. Green Fluorescent Protein labeled p150 (GFP-p150) wild type (WT) and the mutants were expressed using a lentivirus-based vector. Oligos used to construct the Cac1 and p150 mutants are listed in Supplementary Table S1 .
Crystallization and structure determination
Cac1C crystals were obtained in a solution containing 0.1 M NaCl, 1.5 M (NH4) 2 SO 4 and 0.1 M BIS-Tris (pH 6.5) and were flash-frozen in 20% glycerol as a cryoprotectant. Anomalous diffraction data at a resolution of 2.75 A using selenomethionine (Se)-derivative crystals was collected at the Shanghai synchrotron radiation facility beamline BL17U (SSRF, China; = 0.979Å). The data were processed using HKL2000 (31) . Phasing was performed using the single-wavelength anomalous dispersion (SAD) method with the Se-derivative data by SHELX (32) and was improved by PHENIX AutoSol (33) . Automatic protein model building was performed with PHENIX AutoBuild (33) . The resulting protein models were completed manually using COOT (34) . The final model was refined using REFMAC1 (35) , and its stereochemical quality was checked using PROCHECK (36) . In the Ramachandran plot, 93.5% of the amino acids in the final atomic model were in the most favorable region and 6.5% were in the additional allowed region. Structural figures were prepared using PyMOL (www.pymol.org).
EMSA
All the oligonucleotides used in this study were synthesized by Sangon (Shanghai, China). Two strands of complementary single-stranded DNA (ssDNA) were annealed to form dsDNA. 5-Carboxyfluorescein (5-FAM) labeled DNA was mixed with the indicated quantity of protein in a buffer (20 mM Tris pH 7.5, 100 mM NaCl and 1 mM DTT). The reaction mixture was incubated on ice for 1 h and analyzed by electrophoresis in native PAGE at 100 V using 0.5x TBE buffer on ice. The gels were scanned with Typhoon Troi + (GE Healthcare). To compare the binding affinities, the integrated density value of each band was quantified by ImageJ (1.46r). The data were analyzed by non-linear regression equation using the Graph Pad Prism software and fitted one site-specific binding model.
DNA binding assay
The biotinylated 58 bp oligonucleotide was synthesized by Sangon (Shanghai, China). Two strands (one was biotinylated) of complementary ssDNA were annealed to form ds-DNA. Streptavidin Sepharose beads (GE Healthcare) were incubated with 58 bp of biotinylated dsDNA in buffer (20 mM Tris pH 7.5, 150 mM NaCl, 0.01% NP40, 10% glycerol and 1 mM DTT) at 4
• C for 30 min. The beads were washed three times with the same buffer to remove the excess DNA.
Nucleic Acids Research, 2016, Vol. 44, No. 11 5085 Equal beads labeled with DNA were further incubated with indicated amount of purified proteins at 4
• C for an additional 30 min. The beads were washed three times, analyzed by SDS-PAGE and detected with Coomassie Blue staining or immunoblotting with a GST antibody (TIANGEN, 1:2000).
Histone binding assay
Histones H3 and H4 were prepared as described previously (37) . Histones H3 and H4 from Xenopus laevis were overexpressed in E. coli strain BL21 (DE3) cells, purified separately under denaturing conditions and combined to reconstitute the (H3-H4) 2 tetramer.
In GST pull-down experiments, the purified GST-tagged Cac1C and CAF-1 (WT or mutants) were immobilized on 50 l glutathione resin. The beads were incubated with excess histone H3-H4 in buffer (20 mM Tris pH 7.5, 300 (or 200) mM NaCl, 0.01% NP40, 10% glycerol and 1 mM DTT) at 4
• C for 1 h. The beads were washed three times with the same buffer, analyzed by SDS-PAGE and detected with Coomassie Blue staining.
PCNA binding assay
Purified PCNA with his tag at the C-terminal (PCNA-his) was mixed with GST-tagged protein in buffer (20 mM Tris pH 7.5, 100 mM NaCl and 0.01% NP40). The mixture was further incubated with 20 l glutathione resin at 4
• C for 1 h. The beads were washed three times with the same buffer and analyzed by SDS-PAGE. PCNA-his was detected by immunoblotting with his antibody (TIANGEN, 1:2000). The GST-tagged proteins were detected by Coomassie Blue staining or immunoblotting with GST antibody (TIAN-GEN, 1:2000).
Silencing assays
Assays for silencing at the HMR locus were performed as described in cells containing a GFP reporter integrated at the silent HMR locus (38) . Cells grown at 25
• C to an optical density at 600 nm value of 0.6-0.8 were washed three times with synthetic complete-TRP media. The percentage of cells expressing GFP was determined using flow-assisted cell sorting (FACS) analysis.
Chromatin binding assay
Yeast cells were grown in 5 ml of selective medium at 25
• C overnight. Each strain was diluted to 15 ml to OD 600 = 0.2 and grown until OD 600 ∼0.8 at 25
• C. A total of 0.5 ml of each culture was harvested for FACS analysis. The rest cells were collected and washed once with 1 ml of icecold 20% glycerol. The chromatin binding assay was performed as described (39) . Proteins in chromatin and soluble fractions were analyzed by Western blot analysis using antibodies against Cac1 (40) (rabbit polyclonal, 1:2000), PCNA (871, 1:10000), Orc3 (SB3, 1:2000) and H3 (rabbit polyclonal, 1:1000).
Cell culture and fluorescence microscopy
Mouse NIH3T3 cells were plated on poly-L-lysine-coated glass coverslips and grown in Dulbecco's modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS). We carried out pre-extraction of cells prior to fixation for 5 min with 0.2% Triton in phosphate buffered saline (PBS) buffer plus 1% goat serum on ice and fixed the cells in cold methanol for 20 min. The cells were permeabilized with 0.5% Triton X-100 in PBS buffer for 5 min at room temperature and then blocked with 5% goat serum in PBS buffer for at least 1 h. Primary antibodies at appropriate dilutions (␣-PCNA:PC10,1:100; ␣-GFP:Ab6556,1:1000) were added to the cells and incubated at room temperature for at least 2 h. The cells were washed with PBS buffer twice and probed with FITC/Rhodamine-conjugated secondary antibodies at room temperature for 1 h. DNA was stained with DAPI, and the samples were mounted with Gold antifade reagents (Invitrogen) and examined using a Zeiss Axioplan Fluorescence microscope (100x objective).
RESULTS
Crystal structure of Cac1C
We solved the structure of yeast Cac1C (residues 520-606 aa) at a resolution of 2.75Å by the SAD method using a Se-derivative protein crystal (Supplementary Table S2). Cac1C consisted of four helices, two antiparallel strands and a long wing loop (w1), arranged in the order of ␣1-␣2-␣3-␤1-w1-␤2-␣4 ( Figure 1A ). We determined through Dali search (http://ekhidna.biocenter.helsinki.fi/ dali server) that Cac1C shared highly structural similarities with some WHD-containing proteins, such as human ATPdependent DNA helicase RECQ1 (41) ( Figure 1B ), human transcriptional activator regulatory factor RFX1 (42) (Figure 1C ), E2F transcription factor 4 (E2F4) (43) (Supplementary Figure S1A ) and human RecQ helicase WRN (44) (Supplementary Figure S1B) . However, some structural differences were detected between Cac1C and typical WHDs. Cac1C lacked one ␤-strand and the w2 loop, while contained an additional ␣-helix at the C-terminal compared with canonical WHDs (Supplementary Figure S1C and D) .
WHD is a versatile and widespread structural element, usually involved in nucleic acid binding. Its diverse functions range from transcription factor sequence recognition to bulldozer-like strand-separating wedges in helicases to mediate protein-protein interactions (45) . The electrostatic potential surface of Cac1C highlighted a positively charged cavity, suggesting that this domain may be also involved in nucleic acid binding ( Figure 1D ). Eight positively charged residues (Lys553, Lys560, Lys564, Lys568, Arg573, Lys577, Arg582 and Lys583) from ␣2, ␣3 and w1 constituted the positively charged surface ( Figure 1A and D) .
The Cac1C positively charged surface is responsible for DNA binding
The WHD structure and the positively charged cavity on the Cac1C surface suggest that Cac1C is involved in DNA binding. To test this idea, we performed EMSA assays and found that the recombinant Cac1C protein bound to dsDNA of Figure S2A and B). Cac1C DNA binding was further validated by a DNA-protein binding assay using streptavidin Sepharose beads coupled with 58 bp DNA (Supplementary Figure S3) .
To further determine the detailed mechanism of the interaction between Cac1C and dsDNA, we mutated eight basic residues (lysine or arginine) in the positively charged cavity to glutamic acid respectively, and examined their DNA-binding abilities. Mutations in five residues (K560E, K564E, K568E, R573E and R582E), located in ␣3 and w1, significantly reduced or impaired Cac1 DNA-binding ability compared with WT Cac1C (Figure 2A and B) , without apparent effects on the overall structure of Cac1C as examined by CD analysis (Supplementary Figure S4) . Mutations in the other three residues (K553E, K577E and K583E) had no apparent effect on Cac1C DNA-binding ability (Figure 2A and B) . We noticed that the side chains of these residues extended to the outside of the DNA-binding surface ( Figure 1A ). These results indicate that Cac1C interacts with DNA mainly through ␣3 and w1. Thus, Cac1C may bind DNA in similar way as WHD-containing proteins RFX1 ( Figure 1D ) and E2F4 (Supplementary Figure  S1A) , in which both ␣3 and w1 interact with DNAs. In the WHD of transcription factors, ␣3 has been identified as the key helix that makes specific polar or hydrophobic contacts with dsDNA sequences through the side chains of special residues, including tyrosine, asparagine, arginine and histidine (43, 46, 47) . However, we observed that Cac1C did not have selectivity for DNA sequence ( Figure 2C and Supplementary Figure S5A ). Consistent with these results, mutations at the asparagine and tyrosine residues on the ␣3 of Cac1C (N565A and Y570A) did not affect the Cac1C binding affinity to dsDNA ( Figure 2D and Supplementary Figure S5B) . Furthermore, the replacement of lysine with arginine (or arginine with lysine) at the eight positively charged residues also did not affect the Cac1C DNA binding ability (Supplementary Figure S6) . Thus, we propose that Cac1C binds to various DNAs through electronic interactions between its positively charged residues and the DNA phosphate group.
Cac1C bound to dsDNA with a dissociation constant Kd of ∼2 M based on EMSA assays (Supplementary Figure  S5B) . The Cac1C binding affinity to dsDNA was in a range similar to some WHD-containing proteins, such as Ash2L (Kd = 12 M) (48), transcription factor FoxM1 (Kd = 7 M) (49) and the histone chaperone Rtt106 (Kd > 20 M) (50) , suggesting that the DNA-binding ability is important for CAF-1's function.
Cac1C contributes to CAF-1-DNA interaction
Cac1 is a subunit of the CAF-1 complex consisting of Cac1, Cac2 and Cac3. To test whether Cac1C contributes to DNA binding of the CAF-1 complex, we used streptavidin Sepharose beads labeled with 58 bp DNA to pulldown the GST-tagged CAF-1 (Cac1, GST-Cac2 and Cac3) or the mutated complex (Supplementary Figure S7) . GSTCac2 in the CAF-1 complex was pulled down by DNA, whereas GST-Cac2 alone was not, suggesting that the CAF-1 complex binds to dsDNA in vitro ( Figure 3A) . Furthermore, mutations in the basic residues, K564E/K568E and R582E/K583E resulted in a significant reduction in the amount of pulled down CAF-1 complex ( Figure 3A) . These mutations did not affect the formation of CAF-1 complex (Supplementary Figure S8) . Because these two mutations almost abolished Cac1C-DNA interaction (Supplementary Figure S3) , but not the CAF-1-DNA interaction ( Figure  3A ), Cac1C may be one of the domains that contribute to the interaction between CAF-1 and DNA. Equal amounts of streptavidin sepharose beads labeled with 58 bp DNA were used to pull down WT or mutated CAF-1 complex (Cac1, GST-Cac2 and Cac3). Pull-downed proteins were detected by immunoblotting with antibodies against GST. Compared with WT, two CAF-1 mutants, K564E/K568E and R582E/K583E, showed reduced DNA-binding abilities. GSTtagged Cac2 alone was used as a negative control. (B) Cac1C does not contribute to the interaction between CAF-1 and H3-H4. GST-Cac1C, WT and mutated GST-CAF-1 complexes (Cac1, GST-Cac2, Cac3) were used to pull down histone H3-H4 at 300 mM NaCl. Pulled-down proteins were detected by Coomassie Blue staining. Note that Cac1 and GST-Cac2 were at the similar position in the SDS-PAGE gel (Supplementary Figure S7) . (C) Cac1C does not interact with PCNA in vitro. GST-Cac1 PIP domain, GST-Cac1 PIP mutant (F233A/F234A, GST-mPIP) and GST-Cac1C were used to pull down recombinant his-tagged PCNA. PCNA was detected by immunoblotting with antibodies against his. GST tagged proteins were detected by Coomassie Blue staining. GST was use as negative control. (D) CAF-1 mutants defective in DNA binding do not affect the CAF-1-PCNA interaction in vitro. The experiments were performed as described above except that GST-Cac2 (negative control) and WT or mutated GST-CAF-1 complex were used in the experiments.
Cac1C mutations that disrupt DNA interaction have no apparent effect on the ability of CAF-1 to bind its partners
CAF-1 is a histone H3-H4 chaperone that binds and deposits histone (H3-H4) 2 tetramers onto replicating DNA (6, 10) . In addition, CAF-1 is recruited to DNA replication forks, in part, through its interaction with PCNA (26) (27) (28) (29) . Therefore, we analyzed how K564E/K568E and R582E/K583E mutations affected the ability of CAF-1 to form complex and interact with H3-H4 and PCNA. To evaluate whether Cac1C participated in histone binding, we performed a histone-binding assay using GST-tagged proteins and recombinant histone H3-H4 at different salt concentrations. The results showed that Cac1C did not directly bind histone H3-H4 in vitro ( Figure 3B and Supplementary Figure S9 ). However, the CAF-1 complex bound H3-H4 under the same conditions. Importantly, mutations K564E/K568E and R582E/K583E did not affect the formation of the CAF-1 complex (Supplementary Figure S8) as well as the ability of this complex to bind H3-H4 ( Figure   3B ). Similarly, Cac1C did not bind PCNA ( Figure 3C ), and these two mutations did not affect the ability of CAF-1 to bind PCNA in vitro ( Figure 3D ). These results suggest that the DNA-binding ability of CAF-1 through the Cac1C domain is independent of its ability to bind histone or PCNA in vitro.
Disruption of Cac1C DNA-binding ability partially affects CAF-1's function in HMR silencing and response to DNA damaging agents
It is known that cells lacking CAF-1 exhibit defects in transcriptional silencing (51, 52) . In budding yeast, three loci: telomeres, silent mating-type loci and rDNA repeats form silent chromatin. The silencing depends on structural proteins, such as the silent information regulatory proteins. It has been shown that cac1Δ rtt106Δ mutant cells exhibit silencing defects at telomeres and the HMR silent matingtype locus (38) . To determine whether Cac1C DNA-binding Nucleic Acids Research, 2016, Vol. 44, No. 11 5089 ability was important for CAF-1's function in vivo, we performed the GFP-based HMR silencing assay to evaluate the effect of Cac1C DNA-binding mutations on transcriptional silencing at the HMR locus. In this assay, the GFP transgene inserted at the HMR locus was silenced in WT cells. Consistent with previous results, ∼60% of cac1Δ rtt106Δ mutant cells expressed GFP, which could be rescued by expressing WT Cac1 (38) (Figure 4A ). In contrast, Cac1 mutants defective in DNA binding, while expressed at a level similar or close to that of WT Cac1 (Supplementary Figures  S10 and S11) , only partially rescued the HMR silencing defects, with mutations at multiple charged residues exhibiting larger effects than single-site mutations (Figure 4A ), suggesting that Cac1C DNA-binding ability is important for the role of CAF-1 in transcriptional silencing.
Cac1Δ rtt106Δ mutant cells are sensitive to DNA damaging agents, such as camptothecin (CPT) (40) . Therefore, we also tested how cells expressing Cac1 DNA-binding defective mutants affected the response to this DNA damaging agent. Similarly, cells expressing the Cac1 mutants defective in DNA binding grew slower in media containing CPT than those expressing WT Cac1 ( Figure 4B ). These results suggest that Cac1C DNA-binding activity is important for CAF-1's function in response to DNA damaging agents.
Cac1C DNA-binding ability is synergistic with Cac1-PCNA interaction
Compared with cac1Δ rtt106Δ mutant cells, we observed only partial defects in HMR silencing and response to DNA damaging agents in cells expressing a cac1 mutant defective in DNA binding. Several studies have shown that the interaction between CAF-1 and PCNA is important for CAF-1's role in nucleosome assembly (26) (27) (28) (29) . Therefore, we tested whether Cac1C DNA-binding activity was synergistic with Cac1-PCNA interaction. Cells expressing Cac1 mutant with mutations at the PCNA interaction peptides (PIP) motif also exhibited partial defects in HMR silencing and DNA damage sensitivity assays ( Figure 4A and C) . Remarkably, when the PIP mutation was combined with each of the three cac1 mutations defective in DNA binding, the combined mutants exhibited defects in silencing and DNA damage response similar to cac1Δ mutation ( Figure 4A and C). These results suggest that Cac1C DNA-binding activity has a synergistic role with Cac1-PCNA interaction during transcriptional silencing and in response to DNA damaging agent.
Cac1C is dispensable for PCNA binding and K564E/K568E and R582E/K583E mutations have no apparent effect on PCNA binding in vitro ( Figure 3C and D). To understand the synergistic effect between Cac1-PCNA and Cac1-DNA interactions, we determined how the K564E/K568E and R582E/K583E mutations affected complex formation and PCNA binding in the cells. In brief, Cac2-TAP was purified from yeast cells expressing WT Cac1 or Cac1 mutants (K564E/K568E and R582E/K583). As shown in Supplementary Figure  S11 , similar quantities of WT or mutated Cac1 were co-purified with Cac2, consistent with the in vitro results that these mutations do not affect Cac1-Cac2 interaction. Interestingly, the PCNA-Cac1 interaction decreased significantly in K564E/K568E and R582E/K583E mutant cells, suggesting that the ability of Cac1 to bind DNA is important for its interaction with PCNA at replication forks in cells (see Discussion). Furthermore, cells expressing Cac1 mutants (K564E/K568E and R582E/K583E) alone or in combination with the PIP mutation did not affect cell cycle progression (Supplementary Figure S12A) . Finally, using a chromatin binding assay (39), we observed that the Cac1 PIP mutant bound to chromatin as efficiently as WT Cac1, whereas mutations K564E/K568E and R582E/K583E led to a marked reduction in the association of Cac1 with chromatin compared to WT Cac1 (Supplementary Figure S12B) . Thus Cac1C DNA-binding activity is also important for chromatin binding by Cac1 in budding yeast cells.
The p150 DNA-binding WHD is important for its localization at replication foci
CAF-1 is conserved in all eukaryotic cells. A C-terminal region with sequence similarity to Cac1C could be detected in both human p150 (Hsp150C, residues 727-854 aa) and mouse p150 (Mmp150C, residues 706-827 aa) (Supplementary Figure S13 ). Using HHpred (http://toolkit.tuebingen. mpg.de/hhpred), we also found that both Hsp150C and Mmp150C showed sequences homology to the DNAbinding domain (DBD) of human general transcription factor IIF subunit 2 (GTF2F2) (Supplementary Figure  S14A) . GTF2F2 DBD folds into WHD motifs (Supplementary Figure S14B ), suggesting that the C-terminal regions of human and mouse p150 form a WHD motif. A structural prediction (SWISS-MODEL, http://swissmodel. expasy.org/) showed that the Hsp150C structure was folded into a WHD motif (Supplementary Figure S14C) . Therefore, we determined whether Hsp150C and Mmp150C bound DNA using EMSA. Both Hsp150C and Mmp150C bound to dsDNA in vitro (Supplementary Figure S15) . Importantly, mutations in the four positively charged residues (4K) located at the predicted ␣3 helix of the WHD motif, which was involved in Cac1C DNA binding, abolished their abilities to bind DNA (Supplementary Figure S15) . These results suggest that both human and mouse p150 contain a DNA binding WHD motif.
Thereafter, we asked how mutations at the p150 DNA binding domain affect CAF-1 localization at replication foci. To do this, we expressed GFP-tagged WT or mutated mouse p150 in NIH3T3 cells and determined their localization by fluorescence microscopy. It is known that there are two PIP motifs responsible for PCNA interaction in p150, termed as PIP1 and PIP2 (53) . In addition to PCNA, p150 also binds to heterochromatin protein 1 (HP1) proteins (54) (Figure 5A ). Therefore, WT p150 colocalized with PCNA at replication foci, but not heterochromatin foci (DAPI), during early and mid S phase of the cell cycle. In non-S phase cells, GFP-p150 was localized with DAPI foci ( Figure 5A ). It has been reported that p150 PIP deletion mutants exhibit partial and full localization defects (53) (Figure 5B) . A partial localization defect refers to the fact that GFP-p150 PIP mutants co-localize with both replication foci (PCNA) and heterochromatic foci during early and mid S phase in a fraction of cells. It is believed that GFP-p150 PIP mutants form dimmers with endogenous p150, which is responsible for the partial defect observed in PIP mutant cells (53) . In contrast, the GFP-p150 mutant was mis-targeted to heterochromatin foci and did not colocalize with PCNA during early and mid S phase in cells with a full defect.
We observed that cells expressing the p150 DNA binding mutant (4KE) exhibited an increase in the percentage of cells with a partial defect compared with that of WT p150 ( Figure 5C ). In addition, when the DNA binding mutation (4KE) was combined with deletion of two PIP motifs (PIP1 + 2 ), the percentage of cells with the full CAF-1 p150 localization defect increased significantly compared with the p150 mutant lacking both PIP1 and PIP2 ( Figure  5C ). All CAF-1 p150 mutants were expressed to a similar level to that of WT CAF-1 p150 (Supplementary Figure  S16) . These results indicate that the ability of mouse p150 to bind DNA, together with its ability to bind PCNA, is important for its localization at replication foci.
DISCUSSION
CAF-1 contains a DNA-binding WHD at its C terminus
Histone chaperones are a group of proteins that deliver histones to DNA for nucleosome assembly and/or receive histones from disassembled nucleosomes. CAF-1 is a classic histone H3-H4 chaperone involved in DNA replicationcoupled nucleosome assembly. Our results reveal that yeast CAF-1 also interacts with DNA directly in vitro and its ability to bind DNA is likely conserved in eukaryotic cells. In addition, we show that the DNA-binding domain, Cac1C, forms a WHD structure. WHD is a versatile nucleic-acid-binding structural element, and a large number of WHD-containing proteins with diverse biological functions have been characterized (45) . For instance, many transcription factors use WHD domains for sequence-specific DNA recognition. In addition, some helicases involved in DNA recombination and repair utilize WHD domains as a strand-separating wedge. Finally, some WHDs mediate protein-protein interactions. Cac1C is the first WHDcontaining protein discovered in histone chaperones. While our results suggest that Cac1C is similar, in many ways, to the WHDs found in transcription factors. However, the WHD domain in Cac1C does not have a DNA sequence preference and does not utilize specific residues found in transcription factors for sequencing recognition (Figure 2) . We suggest that this property enables CAF-1 to bind to replicated or repaired DNA, rather than some specific DNA elements.
Two histone chaperones, yeast Rtt106 (50) and human NAP-1 family member SET (55), have been reported previously to possess DNA-binding ability. Both SET and Rtt106 use overlapping surfaces to bind histones and DNA. In contrast, Cac1C appears to be involved specifically in DNA binding but not in protein-protein interactions, including CAF-1-histone and CAF-1-PCNA interactions. Therefore, it is possible that Cac1C-DNA interaction regulates CAF-1's role in nucleosome assembly and other processes distinctly from the Rtt106 and SET DNA-binding regions. We provide the following lines of evidence supporting the idea that the ability of the CAF-1 WHD motif to bind DNA is involved in recruitment and/or stabilization of CAF-1 at replication forks. First, we show that in budding yeast, Cac1 mutants defective in DNA binding exhibit partial defects in silencing and in response to DNA damaging agents. Remarkably, mutations at both the PCNA and DNA binding sites of Cac1 result in complete loss of Cac1 function in gene silencing and maintenance of genome stability (Figure 4) . Remarkably, disrupting Cac1C DNA binding affects CAF-1-PCNA interactions in vivo (Supplementary Figure  S11) . However, Cac1C does not bind PCNA in vitro, and the same mutations in Cac1C do not affect CAF-1-PCNA interaction (Figure 3) . At replication forks, PCNA forms a homotrimer and encircles replicating DNA. While it is possible that Cac1C DNA binding mutations may affect the interactions between Cac1 and other components of PCNA foci, we suggest that Cac1C binds to DNAs encircled by PCNA, which, in turn, stabilizes CAF-1-PCNA interaction at replication forks. This interpretation is supported by our studies in mammalian cells. We show that while mutations compromising mouse p150 to bind DNA result in partial defect in localization at replication foci, p150 mutants, harboring both mutations at PIPs and DNA-binding domain, mis-target to heterochromatin in early and mid S phase cells ( Figure 5 ). Therefore, both p150 DNA-binding activity and p150-PCNA interaction are important for the association of p150 with DNA replication foci. Based on our studies, we propose the following working model on how Cac1C contributes to the localization of CAF-1 at replication forks. First, CAF-1 is recruited to DNA replication forks through its interaction with PCNA ( Figure 6A ). Once recruited, the Cac1C-DNA interaction stabilizes CAF-1 at replication forks for nucleosome assembly ( Figure 6B ). In addition to stabilizing CAF-1 at replication forks, it is possible that the Cac1C-DNA interaction may signal the CAF-1 complex to release H3-H4 from CAF-1 to replicating DNA. While the latter possibility is speculative in nature, it is largely unknown how CAF-1 is relieved from binding to H3-H4 for nucleosome assembly. CAF-1 is also known to interact with HP1 (54). Therefore, it is possible that CAF-1-DNA interaction may have other functions other than nucleosome assembly. Future studies are needed to test these models.
In summary, our studies support a working model whereby the C-terminal DNA-binding domain and the PIP domain of Cac1/p150 function together to recruit and stabilize CAF-1 at replication forks, most likely for nucleosome assembly. It is known that nucleosome assembly pathway can be regulated in different ways, including histone modification and CAF-1 dimerization. Our structural, biochemical and functional studies of the Cac1C DNAbinding domain yield additional layers of regulation of CAF-1 in nucleosome assembly.
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